The major polysaccharides found in plant materials include cellulose. hemicellulose. pectin. and starch. After cellulose. hemicellulose is the most abundant polysaccharide in forages. accounting for 20 to 40% of the total carbohydrate fraction. Unlike cellulose. hemicellulose does not have a homogeneous chemical composition; the predominant polymer (50% or more) is a pentosan or xylan composed of xylose with arabinose side chains. Depending on the given 'forage. smaller amounts of glucose. galactose. rhamnose. or glucuronic acid may be present (9) . Overall. xylans represent a major energy source for microbial fermentation within ruminants and other forage-degrading animals.
It was shown over 30 years ago that suspensions of mixed ruminal microorganisms are capable of degrading xylans to xylose. arabinose. xylobiose. xylotriose. xylotetraose. xylopentose. and a series of higher oligosaccharides (14) . By using media containin..g.xylan as the only added carbohydrate source. active xylan-fermenting bacterial strains were ISOlated (13) which conformed to the description of Bu(vril'ihrio jibriso!l'ens (4) . Extensive studies by Dehority and coworkers (5-10) and by Williams and Withers C~} establIshed that a number of other ruminal bacteria. including Bacferoides rl/minicola. Bacreroides sl/ccino;:enes. Ruminococ-CIIS jim'efaciens. and RuminococclIs alhus. were capable of extensively hydrolyzing andlor fermenting a wide vanety of xylans. However. these workers did not establish the nature of the fermentation products made during growth of these bacterial species on xylans.
The extent to which forage materials are digested in the rumen varies considerably with the type of carbohydrate fraction. Starches and pectins undergo extensive digestion. whereas the fiber fractions (cellulose and xylan) are digested only to the extent of 40 to 60% in most ruminants. Numerous treatments of forages prior to ingestion have been developed to increase the extent of forage digestion in the animal. but
• Corresponding author. 2849 many of these treatments have been only partially successful or too expensive to use or both. RecentlY, a technique for treating straws with hydrogen peroxide at pH ll.5 has been developed which effectively separates the straw into a particulate fraction, containing mostly cellulose with some xylan and lignin components, and a liquid fraction. containing mostly solubilized xylan and some lignin components (11) . The particulate. cellulosic fraction was found to be highly digested by ruminants (16) . On the other hand. it is not known whether the xylan-rich liquid fraction can be fermented by xylan-degrading ruminaJ bacteria.
The first objective of the current study was to compare the abilities of various ruminal bacteria to degrade xylans from larchwood. oat spelts. and peroxide-treated wheat straw under similar growth conditions. The second objective was to determine the cell growth yields and fermentation products made relative to growth on soluble hexoses.
MATERIALS AND METHODS
Organisms and growth conditions. All bacterial strains used were characterized in previous publications. These strains were from the author's (R.B.H.) stock culture collection or were obtained from M. P. Bryant (3) . , From data of Hespell and Canale-Parola (2). f Prepared by mixing 6.85 ml of acetic acid. 3.0 ml of propionic acid. 1.85 ml of butyric acid. 0.55 ml of 2-methylbutyric acid. 0.5 ml of isobutyric acid. 0.55 ml of valeric acid. and 700 ml of 0.2 M NaOH. The solution was adjusted to pH 7.5 with NaOH and to a final volume of 1 liter.
Carbohydrate solution (5% (wtlvolj)°·b 5.0 ml For both of the assays described above, controls were run to ensure that the reaction rates were linear with time and the amount of enzyme source used. Where necessary, corrections were made for nonspecific absorbances by background materials in the culture fluid.
The data presented in all of the tables are the averages of duplicate samples from two replicate cultures.
APSH fraction was added directly to the media as a carbohydrate source.
Growth in cultures was monitored by measurement of the optical density at 660 nm (Spectronic 70; Bausch and Lomb, Inc., Rochester. N.Y.). However, these measurements were not reliable with xylan-grown cultures until after the xylans were solubilized. Thus, final cell concentrations were determined by measurement of cell protein by the method of Lowry et al. (17) after hydrolysis of the cells (0.1 M NaOH, 70°C, 30 min). Cytochrome c (horse heart; Sigma) was used as the protein standard.
Carbohydrate assays. Hexose concentrations were determined by the phenol-sulfuric acid method (2), with glucose as the standard. Total xylan concentrations were determined as xylose equivalents by using the orcinol assay (21) . Soluble and insoluble xylans were differentiated by acid ethanol precipitation methods as described by Dehority (7). Neutralsugar compositions of LX and OX were determined as alditol acetate sugar derivatives (1) .
Fermentation products. Fermentation acids were quantitated by gas-liquid chromatography of the free acids 081 or of the butyl esters (20) . Hydrogen and other fermentation gases were measured by gas chromatography (8) .
Xylanase and xylobiase assays. Xylanase and xylobiase activities present in cells, culture fluids. or total cultures were measured routinely with cultures grown to mid-or late exponential phase. Cell suspensions were prepared anaerobically from cultures (18) and suspended in 10 mM phosphate-10 mM dithiothreitol buffer. This buffer and all components of the xylanase assay were made with oxygen-free distilled water and stored under nitrogen gas. The assay mixture contained 0.3 ml of water, 0.1 ml of 10 mM dithiothreitoI, 0.1 ml of 0.1 M potassium phosphate (pH 6.8) buffer, and 0.4 ml of 5% (wt/vol) LX in 25 mM potassium phosphate buffer (pH 6.8). The assay was initiated by adding 0.1 rnl of enzyme source and incubating the mixture at 37°C under a nitrogen atmosphere. After 60 min. the reaction was terminated by adding 3 ml of ice-cold acid alcohol (ethanolglacial acetic acid; 95:5, voVvol) and cooling the mixture on ice for 30 min. The mixture was centrifuged (15,000 x g, 20 min, 4°C), and the supernatant fluid was analyzed for xylose
RESULTS
Xylan degradation and cell yields, All ruminal bacteria tested were able to grow rapidly to high cell densities on RGM medium containing a mixture of maltose and cellobiose as the energy sources (Table 2 ). When one of the xylans was used as the energy source, the amount of xylan utilized varied with both the xylan type and the bacterial strain. Only small amounts of carbohydrate disappeared upon growth of Bacteroides ruminicola and Bacteroides succinogenes, and in addition the cell yields were quite low (Table 3) . Only marginal amounts of carbohydrate disappeared upon growth of Se/enomonas ruminantium. a sugar-fermenting. nonxylanolytic bacterial species. but higher cell yields were found with this organism. Almost all strains of B.fihriso/I'ens were able to grow fairly well on at least one of the xylans tested. In panicular. strains AcTF2. 01. 49. and H17c showed very good degradation of all three xylans. The cell yields were also high but were not as great as those seen on maltose-cellobiose (Table 3) . Ruminococcus a/hus 7 could degrade anyone of the xylans to a small extent. and the cell yields were low. Ruminococcus fial'efaciens C94 and FOI appeared to ferment the xylans to some extent. but little or no growth occurred. Similar results were seen with Suecinil'ibrio dextrinoso/I'ens. Little or no growth on any of the xylans was observed with B. fihrisoil'ens S2. Bacteroides ruminico/a 23. Se/NlOmonas ruminantium O. and Strepto' coccus hods lSI.
Fermentation products. Although the degradation of xylans by numerous ruminal bacteria has been observed. information on the type of fermentation products made has not been reponed. In terms of hydrogen gas formation. those strains that produced substantial amounts during growth on hexoses also produced substantial amounts during growth on the pentoses from xylan degradation (Table 4 ). However. there was considerable variation between xylans for any given strain. although growth on APSH generally resulted in the least hydrogen gas production. With Ruminococcus a/bus. vinually no hydrogen gas was produced upon growth on any xylan.
The types of fermentation acids produced during growth on cellobiose-maltose and on the xylans were determined for several species ( Table 5) . As might be expected. butyrate was a major acid produced by B. fihriso/l'ens strains. and. generally. lesser amounts were produced by xylan-fermenting cultures as compared with cellobiose-maltose-fermenting cultures. With strain 49. lactate production was also reduced. and no lactate formation was detected with the low levels of growth of 5elenomonas ruminantium on the xylans. Ruminococcus fiavefaciens produced little succinate when grown on xylans. but the carbon recoveries were quite low.
Enzyme activities. The degradation and fermentation of xylans requires the concened action of a number of enzyme activities. including xylanases and xylobiases. The activities of these two enzymes in several B. fibrisolvens strains were determined by measurement of the release of reducing sugars from xylan and of the hydrolysis of NPX. respectively. With strains AcTF2. 49. H17c. and 01. the xylanase activities were predominantly associated with the culture fluid, whereas the xylobiase activities were cell associated ( Table 6 ). When grown on glucose or cellobiose-maltose. strain AcTF2 produced low levels of xylanase: xylanase levels increased about 6O-fold when this strain was grown on LX. In contrast, this strain produced xylobiase activity under all three growth conditions. Strains 49 and H17c behaved similarly in that xylanase was produced at high levels by glucose-or cellobiose-maltose-grown cells and increased only twofold upon growth on LX. However. in contrast to strain AcTF2, these strains produced high levels of xylobiase only when grown on LX. A different pattern was observed with strain 01 in that both xylanase and xylobiase were always produced. but these activities did increase three-to fivefold with growth of strain 01 on LX as compared with growth on the sugars.
DISCUSSION
This study, in conjunction with previous studies (5. 6, 9. 10), has shown that a variety of the major ruminal bacteria have some ability to degrade xylans. The APSH fraction was fermented reasonably well by a number of species, suggesting that it would be fermented in the rumen if included in the feed. Regardless of whether the strains were initially isolated on xylan-containing media, almost all B. fibrisolvens strains were capable of extensive degradation of one or more of the (Table 2 ). In most instances.
these strains displayed efficiencies of growth on xylans that approached those observed upon growth on cellobiosemaltose. and with strains R28 and A38 the efficiencies were (Table 3) . These results are in general agreement with those of previous studies (4, 9, 10) which conclude that B.
fibrisolvens is the most important ruminal bacterium involved in the digestion of xylans (hemicelluloses). In contrast. sugar-fermenting species such as Selenomonas ruminantium grew poorly on the xylans examined .. However, the fact that some growth occurred suggests that there may be breakdown products, such as xylooligosaccharides, present in the xylan preparations initially or after autoclaving or at both times. These breakdown products might be used for growth by nonxylanolytic species. This possibility is similar to the findings of Russell (19) , who has shown that a number of noncellulolytic species, including Selenomonas ruminantium, Streptococcus bovis, and Bacteroides ruminicola, are capable of growing on and degrading ceII ul ooligosaccharides.
Bacteroides succinogenes, Ruminococcus albus, and Ruminococcus flavefaciens are cellulolytic species but were found to grow to only a small extent on the xylans and with rather low growth efficiencies (Tables 2 and 3 ). Dehority (6) has shown that cellulolytic ruminal bacteria often can degrade hemicelluloses extensively but that only a few strains are capable of growing on these substrates. Compared with Bwyrivibrio or Bacteroides species, rates of hemicellulose degradation by Ruminococcus species are often slower, and soluble oligosaccharides accumulate in the growth media because the rates at which these compounds are used are slow (7, 8) . Thus, the maximum extent to which these species could degrade anyone xylan was probably underestimated in our studies ( times used. However. all of the species described above which exist in the natural environment probably act synergistically to degrade the polysaccharides in plant cells on the basis of work with cultures of mixed pure species (9) . The fermentation of hemicelluloses or xylans involves mostly cellular metabolism of pentoses. mainly xylose and arabinose. A comparison of the fermentation products made from xylans with those made from the hexoses. cellobiose and maltose. shows no major changes with the highly xvlanolvtic strains of B. fibrisolvens (Tables 4 and 5 ). Although "the xylans used were predominantly composed of pentoses. hexoses in the form of uronic acids and glucose were also present. Because of this substrate heterogeneity. carbon recoveries and oxidation/reduction balances could not be accurately determined. However. the data suggest that the hexose monophosphate pathway for pentose metabolism predominated. as one would expect considerably more acetate formation and less hydrogen gas production if the phosphoketolase route were the major pathway. With the weakly xylanolytic species. there were shifts towards lower rates of succinate formation by Rliminococclis j1al'efaciens and 5l1ccinivibrio dextrinosolvens and lower rates of lactate formation by 5elenomonas rllminantillm (Table 5 ). Whether these changes are related to inhibitory substances in the xylans or to changes in growth rates or to both is not known.
An examination of xylanase and xylobiase activities in selected B. fibrisoll'ens strains showed the former activity to be mostly extracellular and the latter activity to be cell associated. Early studies by Howard et al. (15) with a
Butyrivibrio species indicated that both of these enzyme activities were expressed when cells were grown on xylan or wheat flour pentosan but not glucose. arabinose. or xylose.
This pattern is similar to that observed with B. fihri.w/l'ens D1. but it appears that the regulation is not strictly one of inducibility because the enzyme activities only increased about fivefold upon growth on xylan <Table 6). On the other hand. with strain AcTF2 the xylanase activity clearly is induced by growth on xylan. but the xylobiase activity appears to be constitutively produced. An enzyme pattern inverse to that of strain AcTF2 was observed with strains 49 and HI7c. Preliminary experiments with crude xylanase preparations from strain H17c indicate that xylobiose through at least xylohexaose can be formed via LX degradation. These xylooligosaccharides may be involved in the induction of the xylobiase activity as was found Wllh the BlIlyril'ihrio strain stlKlied by Howard et al. 05 J.
The results of the current study indicate that stralO, of B.
fihrisoll'ens are almost uniformly highly xylanolyllc. Sludlc, in progress in our laboratories are currently focu'lOg on delineation of the types and numbers of enzymes IOvolved 10 xylan degradation by this organism as well as on the phy\!-ological and genetic regulation of these enzymes. The,e studies should provide information towards undeNandlOg the basis for the rather low digestibility of xylan, and hemicelluloses in the rumen and possible genetic modification of B. fihrisolvens or other ruminal species for IOcreased xylan degradation in the rumen or for fermentallon of agricultural biomass wastes by these species.
